Abstract-Models predicting the composite quality factor (QF) of a reverberation chamber (RC) consider, among several potential contributors, dissipation in its metallic boundaries. The related partial QF, Q w , is of fundamental importance, as it controls the asymptotic high-frequency behavior of an RC and, ultimately, its ability to generate high-intensity fields. Yet, the current model has been known to overestimate in certain cases the composite QF by up to several decibel. This paper provides insight into the causes of these disagreements by introducing generalized models of dissipation in ferrous materials found in RCs, by first acknowledging that their magnetic permeabilities are complex quantities, which is shown to theoretically boost dissipation well beyond the gigahertz (GHz) range. A more general dissipation model is presented, taking into account the layered nature of steel plates. Among its predictions, confirmed by experiments, are extra losses from steel surfaces in the lower frequency range and the linear increase in Q w over the GHz range, as opposed to a square-root dependence expected for homogeneous bulk metals. Metallic coating layers, originally introduced to protect steel plates, have therefore a more fundamental role to play, controlling dissipation levels by reducing interactions with ferrous materials and should therefore be designed accordingly.
I. INTRODUCTION
T HEORETICAL models of the average composite quality factor (QF) in reverberation chambers (RCs) explain overall energy loss by breaking it down into individual contributions [1] . For an unloaded RC, these basically amount to power losses through antennas and Joule dissipation in metallic structures, mostly coming as plates making up an RC boundaries, e.g., walls. Theory predicts that wall losses dominate the QF in the higher frequency range, imposing an asymptotic behavior expected to scale as the square root of the frequency. The main features of the QF predicted by theory are indeed broadly supported by experimental results, but non-negligible disagreements have been reported in the past, e.g., [1] , [2] , for ferrous structures. Steel is indeed a typical choice for building RCs, since it has good mechanical properties and relatively low costs, compared to conductors such as aluminum and copper, which are better conductors and have a negligible magnetic behavior, but are handicapped by a relatively low Young modulus (i.e., stiffness) and higher costs.
Observations available in the literature basically point to two issues: an overestimation of the QF when using typical conductivity values for wall metals and disagreements in the frequency dependence of the QF [3] . While a number of reasons could explain disagreements between theory and experimental results, it is important to notice that the above-mentioned theoretical models require an accurate knowledge of parameters such as electrical conductivity and magnetic permeability of the metals involved. In practice, these quantities are not easily accessible, and the values actually used for theoretical models are at best educated guesses, not necessarily supported by experimental evidence or results available in the literature.
This paper endeavors to show that these discrepancies have two causes. First, we discuss what appears to be a misconception about the high-frequency magnetic behavior of ferrous materials, which has sometimes been assumed within the electromagnetic compatibility (EMC) community to be negligible at microwave frequencies. Second, we argue about the fundamental role played by metal coatings, mostly used for galvanic protection of steel and iron plates. The resulting layered structure is here shown to have an effective response very different from either metal when considered in a bulk form.
The paper starts with a concise survey of the properties of ferrous conductors, presented in Section II-B, in order to avoid unrealistic assumptions and serve as a basis for the definition of a realistic model and the interpretation of experimental results. In particular, the fundamental contribution of resistive magnetic permeability at microwave frequencies, introduced in Section III, appears to be unacknowledged in the context of RCs. As a consequence, Section IV extends the current dissipation model for metallic surfaces in order to describe more realistically dissipation mechanisms. Given the practical impossibility of predicting the physical parameters of steel plates, Section V introduces an estimator of the apparent conductivity of metallic surfaces in an RC, based on its composite QF. Section VI shows how this information, jointly with the proposed layered model, yields effective thicknesses of the metallic coating that are consistent with common manufacturing choices. Predicted effects, such as the linear evolution of the QF and higher-thanexpected losses in the lower frequency range, are supported by experiments and results available in the literature, reported in Section VII. Finally, Section VIII discusses how the proposed model can be applied in designing optimal metallic coatings that would reduce interactions with background ferromagnetic 0018-9375 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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materials (e.g., steel plates), estimating the minimum thickness for non-magnetic metallic coatings, in order to still benefit from the mechanical properties of steel plates while avoiding their excessive losses, rather than entirely switching to more expensive, and mechanically less effective, metals such as aluminum. The main conclusion from this study is that steel coatings need to be chosen carefully, not just as anti-corrosion protections, but mainly as they act by attenuating the ferromagnetic behavior (and losses) of steel plates, while also providing potentially better conductive surfaces where dissipation can be lowered with respect to the case of steel, which should only have a mechanical/structural role in an RC.
In the rest of this paper dependence from the frequency variable ν is mostly explicit, but may be omitted for the sake of brevity. More importantly, all derivations are based on the usual assumption of diffusive energy propagation, which therefore requires due care in the interpretation of experimental results.
II. OVERVIEW OF STEEL PLATES
This section presents a short survey of information that has a direct impact on the way steel plates reflect and dissipate electromagnetic energy. Results from the literature explaining strong dissipation at microwave frequencies in ferrous metals are summarized, seemingly not well-known to the EMC community, contradicting simplistic assumptions about these complex materials. The current unavailability of theoretical models explaining dispersion in ferromagnetic behavior is discussed. Together with the high variability in the characteristics of iron alloys, these results suggest an impossibility of accurately predicting power losses in steel plates. Furthermore, the solutions currently used to passivate the surface of ferrous metals are briefly summarized, adding further uncertainty to their electromagnetic response.
A. Steel Composition
The word steel can mistakenly be taken as referring to a family of materials with similar composition and properties. The opposite rather holds, as there exist hundreds of typologies of steel, mainly depending on the mechanical properties required for a given application [4, InfoNote 1.8]. While steel is predominantly composed of iron, the latter is too ductile to be used in most applications. All ferrous materials are alloys of iron and other elements, the most important is arguably carbon, forming the basis for all steels. An important point for later discussions is to acknowledge the fact that very small variations in the fraction of carbon can lead to significant modifications in the mechanical properties of a steel class, making it pass from a formable material for carbon fractions below 0.3%, to a hardly machinable material for a little more than 0.6%. This should not be dismissed as having only an impact on steel's mechanical properties, since the presence of carbon atoms directly impacts the crystal lattice of steel, thus effectively impacting all properties related to it, including electrical conductivity and magnetic permeability, as summarized in [5] . Other alloy elements are also included, such as chromium, silicon, etc., leading to a large spectrum of possible combinations. As a result, materials labeled as steel may have any of a number of properties, hardly predictable, unless its specific typology is known from the start [6] .
B. Magnetic Permeability
Steel's ability to respond with strong magnetization levels when submitted to magnetic fields is known as ferromagnetism, displaying relative magnetic permeabilities μ r well above unity. Data are widely available for dc and very low frequencies, typically well below the kilohertz range. Ferromagnetic properties are of interest in EMC for shielding at low frequencies [7] , [8] . Most reference books dealing with EMC shielding take the position of focusing on using steel for shielding at low frequencies, where its high permeability allows a steep reduction of the skin depth and therefore to reduce a shielding thickness. This is no longer an issue as frequencies reach the RF region, with skin depths well below a millimeter. Surprisingly, most EMC books neither cite references dealing with direct measurements [7] - [13] nor provide the frequency at which the suggested value applies; Tesche et al. [14] alone insists on the extreme variability of steel properties. Moreover, it is also often postulated that a swift reduction in ferromagnetic responses takes place at higher frequencies, often stating that μ r 1 in proximity of the gigahertz (GHz) region. As discussed below, this assumption is only correct for the real part of μ r , but neglects the fundamental role of its imaginary part.
As most RCs are made of steel, the problem of knowing what value of permeability should be used appears when dealing with predicting their QF [15, Sec. 3.1.1]. The common assumption of μ r 1 is also uniformly applied, to the best of our knowledge. A few exceptions exist [7, p. 264] , [14, p. 514] , where much higher values, e.g., μ r 50 at 1 GHz, are reported. It seems reasonable to conjecture that the inaccurate reporting of the high-frequency magnetic behavior of steels came about by the reduced need for high permeabilities in shieldings above the megahertz range [6] .
In fact, the literature reports experimental data proving that ferromagnetism is not only still observable in the microwave range, but is actually remarkably high at much higher frequencies. The study of the magnetic response of steel was a major issue in the 1930s and 1940s in the 20th century, as the nascent waveguide research community focused on predicting dissipation losses in ferrous waveguides. Of interest for QF in RCs, Benson [16] presented an example of underestimated attenuation due to neglecting permeability and surface roughness. A resistive (defined below) relative permeability of 250 is also there reported for mild steel at 10 GHz, as derived in previous work and is argued to be likely underestimated. The approach is similar to the one adopted in this paper, i.e., to estimate permeability from power attenuation, which was then argued to have a good accuracy. Allison et al. [17] extended these results to 27 GHz and showed amplitudes of resistive μ r up to 84 for mild steel.
A fundamental issue throughout this paper is the complex nature of μ r = μ r − jμ r , a counterintuitive idea first suggested by Arkadiew in 1926. Experimental evidence of the soundness of this description was presented in a number of papers where ferromagnetic effects were observed both on the resistance of inductors containing samples of ferrous materials as their core, as well as in their self-inductance; see [19] for a concise explanation and an overview of previously published results. Two values of relative permeability were therefore estimated, referred to as μ R and μ L . The existence of two different coefficients was later proven to be consistent with the idea of a complex permeability, with μ R quantifying magnetic losses, hence its being referred to as resistive permeability. One of the most detailed experimental studies of high-frequency permeability in irons and steels can be found in [18] , together with conversion formulae between {μ R , μ L } and {μ r , μ r }. Results in Fig. 1 are obtained from data there reported and show that indeed μ r has a sharp transition to lower values around 1 GHz, but it is still well above unity. At the same time, μ r takes a dominant role, with very high values reported well above 10 GHz; Kittel [19] states that the resistive permeability reduces by half around 3 GHz. The same authors also cite infrared experiments that showed that the ferromagnetic behavior subdued only above 10 THz, with μ r → 1 and μ r → 0. A similar conclusion was reached in [20] , together with the fact that magnetic hysteresis, a pervasive phenomenon in ferromagnetic materials, vanishes above 10 MHz. Also of interest are the theoretical relationships summarized in [21] , showing how high dc values of permeability necessarily imply high-frequency magnetic losses. It seems therefore necessary to include the case of a complex μ r in QF models for an RC, as discussed in Section III.
With the discussion at the beginning of this section in mind, it is ironic that the above-mentioned results were surprising at the time as it was not clear what phenomena should make the magnetic permeability decrease over frequency. One of the first attempts at finding an explanation was proposed in [19] , based on the idea that as skin penetration decreased, the number of magnetic domains taking part in the magnetization of a material would reduce till the point of concerning only fractions of the superficial domains. The resulting theory predicted a reduction of μ r , but also predicted magnetic resonances that were reported as not observed experimentally in [18] . Other attempts were proposed, by invoking differences in the superficial regions of a ferromagnetic material [20] , together with relaxation models analogous to the Debye model for dielectric materials, as done by Becker. This latter model was shown in [18] and [22] not to reproduce the actual frequency evolution of μ r , which was found to be slower than predicted. More accurate models were presented later, e.g., accounting for inter-domain friction, but were not considered completely satisfying. Graham Jr., [23] concluded about the lack of accurate quantitative models for magnetic losses, in spite of the clear understanding of the physical mechanisms involved.
This brief overview is intended to make it clear that no simple model can predict the frequency evolution of permeability in steels, since it is not only affected by their chemical composition, but also by the kind of metallurgical and thermal processes they undergo, such as annealing and tempering; how the raw material is drawn, hot or cold, etc., has an impact too. All these processes have a direct impact on the distribution of magnetic domains. The only constant is the fact that |μ r | 1 well above 10 GHz, a property exploited in Section IV in order to derive a simple model not requiring a precise knowledge of steel's permeability.
C. Electrical Conductivity
The typical values found in the literature for the electrical conductivity of steels range from 1.6 MS/m for alloy steels, in particular stainless steel, up to 6 MS/m for cast steel. Values exceeding 10 MS/m have been reported for purer forms of iron. These values refer to bulk forms and are typically obtained at dc. Results at a higher frequency, in particular in the microwave range, are available but require a careful interpretation, since the contributions of finite electrical conductivity and ferromagnetic behavior cannot be measured separately [17] , [24] , thus requiring assumptions. Results from non-magnetic metals suggest that the bulk conductivity is practically constant [24] , with transitions rather expected at near-optical frequencies.
Apparent frequency-dependence in the conductivity of specimens with finite thickness was explained by the roughness of their surfaces. Relevant studies are [16] - [19] , [24] , and [25] , where the precision of machined surfaces was shown to impact the high-frequency conductivity, and therefore power loss in waveguides. References cited in those paper provide the theoretical basis for understanding how roughness impacts highfrequency conductivity. Those results prove that the effective conductivity may be reduced at most by a factor 2, with values around 1.6 more likely according to [25] . These reduction factors will be shown in Section VI to be insufficient to explain much stronger reductions in the apparent conductivity in steel plates, thus pointing to ferromagnetic losses as the most likely reason for increased dissipation.
D. Surface Finishes and Coatings
Unless stainless steel is used, which is unlikely due to its higher cost, poorer conductivity, welding, and structural strength, standard steels need a coating layer in order to protect them against corrosion. Protective coatings include paints, plating with pure metals (e.g., copper, zinc, etc.) or galvanic protection with zinc and its alloys. This last option is by far the least expensive both at manufacturing and maintenance levels.
Zinc enables protection, thanks to a passivation layer of zinc oxide of sub-micron thickness, and galvanic protection ensured by the underlying zinc-rich layer, as an element more reactive than iron. The thickness of the coating layer changes according to the severity of the environment where steel parts will be mounted, and on its required service life without noticeable corrosion [6] , [26] , [27] . For indoor applications ([26, category C1]) an average corrosion <0.1 μm year is expected, implying that a 3 μm zinc coating would last for at least 30 years. Pure zinc (98%) is the most common option for unpainted plates in indoor conditions, while iron-zinc alloys eventually annealed are considered when paint is applied. Other alloys with aluminum (e.g., GalFan, ZincAl) are also available but more costly, as they ensure higher level corrosion protection unnecessary for indoor applications.
Zinc coatings are usually, but not only, applied to steel sheets either by means of electro-plating or continuous-sheet galvanization [27] . Other mechanical processes also exist, but are unlikely for steel plates. These two coating technologies produce rather different morphologies and compositions, as apparent from the micrographies in [27] . Coatings obtained with electro-plating are typically below 7 μm, while continuous-sheet galvanization yields layers easily thicker than 100 μm [28] . The latter option demands a closer analysis, as the coating is actually composed of four sublayers, made of iron-zinc alloys in varying proportions caused by iron diffusion, of which only the superficial one can be regarded as containing almost pure zinc [29] , [30] . In both cases, for indoor applications, the actual zinc layer, i.e., the most external one, is typically below 5-μm thick, with the G01 class for indoor environments displaying thicknesses within 0.42-2.1 μm.
Visual aspects of coatings obtained with the two procedures can be very similar, but the presence of spangled spots is a clear indication of hot-dip galvanization. There is no obvious way of telling what coating was applied to a steel plate, adding to the uncertainty of the properties of a steel plate.
Section IV shows how a metal coating acts by attenuating the magnetic response of underlying steel surfaces. It is therefore of importance to know the properties of zinc coatings. Electrical conductivity will depend on the fraction of zinc involved. According to [31] , the residual resistivity of zinc contaminated by a 10 ppm concentration of Fe atoms is about 100 times higher than that of pure zinc. Results in [32] show that the room-temperature resistivity of iron-zinc alloys increases approximatively linearly with the temperature. Hence, in the absence of more specific results, it seems reasonable to expect ZnFe alloys to present a room-temperature resistivity higher than that of pure bulk zinc (∼16 MS/m), depending on Fe concentration.
Pure zinc is not magnetic, but iron-zinc alloys found in continuous-sheet galvanization are magnetic, as shown in [33] , with a permeability linearly proportional to the iron fraction. As a result, the layer just after that made of almost pure zinc, where typically a 6% concentration of iron is found, a substantially higher magnetic permeability can be expected, with |μ r | 20. These facts will be important in the interpretation of results shown in Section VI. The common thread between the two galvanization technologies is the presence of a superficial layer of almost pure zinc across a few microns, on top of a magnetic substrate, either bulk steel or zinc-iron alloys.
III. DISSIPATION IN BULK FERROUS BOUNDARIES
In the light of the information summarized in Section II-B, a non-negligible ferromagnetic behavior must be expected for steel-based RC surfaces. Models predicting individual contributions to power loss in an RC were discussed in [1] , among which are dissipation in metallic surfaces (e.g., walls) and through antennas. These contributions are usually modeled under the shape of partial quality factors {Q i (ν)}, contributing to the overall composite QF Q(ν), as
with N Q the number of such contributions. In the following, Q w will refer to the partial QF explaining boundary-related losses in an RC with an internal volume V , with metallic boundaries covering a surface S. The original derivation of Q w presented in [1] considered the general case of magnetic surfaces, but the final expression there derived cannot be applied to the case of a complex magnetic permeability, since it would result into a complex QF. For this reason, this section extends the derivation in [1] to a more general configuration.
Dissipation in metallic surfaces was modeled in [1] by first computing the reflection coefficients for TE (⊥) and TM ( ) incidences [34] 
where a plane wave impinges on medium 2 (metal) from medium 1 (air), with an angle of incidence ϑ i ; k p and μ p , for p = 1, 2, are the wavenumbers and relative magnetic permeabilities of the two media. In the context of this section, metal-related quantities will be represented by a m subscript, while those for air will use an o. These formulae can be approximated for the case of well conducting metallic surfaces, for which |k 2 | |k 1 |, as
the only metal-related quantity in (3). As discussed, the general case μ m (ν) ∈ C needs to be addressed, with μ m (ν) = μ m (ν) − jμ m (ν), where μ m , μ m > 0 for steels, but not necessarily for other composite materials characterized by magnetic resonances, such as ferrites [35] . The complex nature of q m (ν) is a consequence of including μ m (ν), a fundamental operation since it dominates the high frequency response of soft ferromagnetic materials, as recalled in Section II-B.
Hill's derivation in [1] calls for the computation of the square modulus of the reflection coefficients (3)
whereq
and
is the effective dissipation thickness.
1
Equations (5) and (6) can also be alternatively interpreted by introducing the effective conductivitỹ
Since the conductivity σ m (ν) of good conductors can be approximated by a real number, (6) leads to the definition of the effective permeabilityμ m (ν)
which coincides with the resistive relative permeability [17] . Applying similar steps, the skin depth δ m of a magnetic conductor should be updated as
hence
which proves that t m (ν) > δ m (ν), potentially by several orders of magnitude, and thus that the skin depth should not be regarded as an estimate of the effective thickness of metal where dissipation occurs. Fig. 2 presents the results obtaining by applying (9) to Millership's data (cf., Fig. 1 ), where the effective permeabilitỹ μ m (ν) > 100 still at 10 GHz. Further results presented by Kittel [19] are also reported, approximating data collected from older (9), for Millership's data [18] and for Kittel's regression curves [19] . Dotted portions represent mathematical continuation of experimental data. literature. The three sets of data present very similar features and would lead to considering that steel-based RCs should present an almost 50-fold increase in their boundary-related dissipation with respect to assuming non-magnetic properties. No such large disagreement has ever been reported to our knowledge, with typical disagreements between theoretical and measured QFs rather smaller than a factor 10. The reasons for this unmet prediction is explained by the fundamental role played by metal coatings used in steel plates.
IV. METAL-COATED PLATES: APPARENT CONDUCTIVITY
In view of the common use of galvanized steel-plate surfaces (cf., Sec. II-D), it is necessary to extend the standard loss model (5) to include layered structures (cf., Fig. 3) , including a metallic layer of thickness w, conductivity σ c (ν), and relative magnetic permeability μ c (ν), potentially complex. While the coating thickness is finite, the background ferrous metal is assumed to be much thicker than its skin depth over the entire frequency range, thus effectively treating it as a bulk material.
Apparent reflectivities for TE and TM impinging waves now need to be derived for this layered structure. The local (or surge) reflectivities at the two interfaces A and B in Fig. 3, i. e., involving half-space bulk configurations, are referred to as Γ c (ν) and Γ m (ν) for the coating and the background metal interfaces, respectively. These reflectivities involve only the two materials across each interface and will serve as partial results in the computation of the equivalent reflectivities of the layered structure.
According to (2) , local reflectivities at the air-coating interface read
where q c (ν) = μ c (ν)/σ c (ν), with the subscript c indicating coating parameters. Transmission through an interface between two half spaces must satisfy Snell's law
where k p , p = 1, 2, refers to the wavenumbers of the two materials, with k 2 = k c ; ϑ t is the angle of propagation of the wave transmitted through the coating. At the air-coating interface |k c | |k 1 |, by several orders of magnitude at microwave frequencies, thus allowing to approximate sin ϑ t 0, i.e., a practically normal incidence at the coating-metal interface. As a result, the local reflectivity there simplifies into
where q m (ν) is defined in (4), while Γ m (ν) = −Γ ⊥ m (ν). Apparent (or effective) reflection coefficients can now be computed by solving, for either TE or TM incidence, [36, Sec.
4.4.4]
where P (ν) = exp[−jk c (ν)w] models the propagation of a plane wave through the coating layer; (15) takes into account the series of inner reflections within the coating layer and partial transmissions back to air. For the special case of galvanization, the above-mentioned result can be simplified, since σ c /ω o 1 well beyond the microwave region. As a result
which can in turn be expressed as Equations (17) and (18) can now be expressed in terms of (3), by introducing the apparent q a (ν)
As a consequence, (5) and (6) can still be employed, by simply updating q m (ν) q a (ν) together with definitions (8) and (9) of the effective properties of the surface. Care must be taken in computing the square roots in the above-mentioned expressions, in order to ensure that Im q a (ν) < 0, such that the operation (6) will lead to both real and imaginary parts of q a (ν) contributing to dissipation losses.
Given that |q c (ν)| |q m (ν)| for ferrous metals and nonmagnetic coatings, the squared ratio in (19) passes from unity for w δ c , where the coating layer dominates the reflectivity of a metal surface, to values potentially several orders of magnitude higher as w/δ c → 0. The impact of the coating layer can be observed Fig. 4 , where |q a /q m (ν)| acts as a reduction function and can be interpreted as a shielding action of the metallic coating layer that reduces interactions with the background ferrous metal. On the other hand, assuming that waves mainly interact with the coating layer, this would be interpreted as an apparent relative permeability μ a (ν), according to (20) , equal to μ a (ν) =q a (ν)σ c (20) that would be bigger than one for w > δ c . This phenomenon is represented in Fig. 4(b) , where μ a = q a /q c represents the apparent relative permeability of the coating layer. For the case of interest of a mild-steel surface coated with Zn or Fe-Zn alloys, a contrast |q c /q m | 10 −3 can be expected at frequency ranges where w δ c . Uncertainty in the actual thickness w, together with the variability intrinsic in the structure and composition of galvanized steel (cf., Sec. II-B), implies that any attempt at predicting the resulting reflectivity seems unlikely, making a compelling case for the use of the empirical procedure presented in Section V.
Further insight can be gained by considering some useful approximations of (19) . Assuming |q c | |q m (ν)|, i.e., for a high contrast in the effective conductivities of the coating and background metals
This approximation is shown in Fig. 4 
remarkable as it is purely imaginary for the common case of non-magnetic coatings. As a consequence, (5) becomes
shifting the focus from steel surfaces to their coating even when w δ c . This last approximation predicts that there exists a frequency range where Q w (ν) scales linearly with the frequency, rather than with its square root, as usually expected for homogeneous metallic surfaces. Fig. 5 shows that the transition frequency ν 2 between these two regimes should be expected around 1 GHz for a coating conductivity equal to 1 MS/m. Clear evidence of this transition is presented in Section VI.
V. EMPIRICAL CHARACTERIZATION OF RC SURFACES
This section describes how the apparent conductivity of metallic surfaces of an RC can be estimated directly from measured data, in order to counter the difficulties summarized in Section II-B when attempting to model magnetic losses in ferrous metals. The method calls for the average composite QF Q(ν) to be estimated, either with single-or double-antenna methods [37] , necessarily involving a randomization by means of at least one stirring procedure [38] . The overall composite QF can be expressed as [1] 
where Q a (ν) and Q w (ν) represent the partial contribution of antenna-and boundary-related power loss, respectively; N is the number of identical antennas used during the measurement, increased by one in order to account for the fact that the excitation antenna sees twice the average received power due to coherent backscattering [39] ; the N antennas are assumed to be identical for the sake of simplicity. For real antennas, with an input reflection coefficient Γ a (ν) and radiation efficiency η a (ν)
as proven in [40] , where
with c o the speed of light in free space. Inserting (5) and (27) into (26) yields
The ratio Q(ν)/Q o a (ν) < 1 measures the average power transmission in case N = 2 and is also known as the RC power gain. It will hereafter be referred to as T (ν).
Recalling (8), the apparent conductivity σ a (ν) of the RC metallic surfaces can be estimated from (29) as
which can be simplified into
as soon as the term η 2 a (ν)|Γ a (ν)| 2 can be neglected. In order to bound the error on the estimate of the apparent conductivity σ a (ν) to less than 10%, (32) and (31) must differ by less than 5%. For well-matched antennas, with |Γ a (ν)| < −10 dB, this condition translates into
which must be regarded as a worst case, since it assumes η a = 1.
In practice, this condition is automatically met for an overmoded RC. According to [41] , if T (ν) 1/10, the RC can be expected to well approximate this condition with a probability of rejection <10%, if N s ≥ 50 independent random samples are available. Therefore, (32) will be employed throughout Section VI.
VI. EXPERIMENTAL RESULTS
Experimental tests were carried out in CentraleSupelec, in an RC of dimensions 3.06 × 1.84 × 2.45 m 3 made of steel plates. The inner volume is approximatively 13.8 m 3 with a surface of 36.4 m 2 covered by steel plates, including a four-plate stirrer. The experimental setup was a standard choice for measuring the QF of an RC. It employed two identical antennas installed within the RC, one used in the transmission mode and the other as a receiver. The tests covered the frequency range 0.6-16 GHz, using two sets of antennas: a) monocone antennas 18-cm wide at their top for the 0.6-6 GHz range and b) two ridged-horn antennas for the 6-16 GHz. The input matching was verified to be better than −10 dB, thus ensuring |Γ a (ν)| 2 ≤ 0.1 for all the antennas. As discussed at the end of Section V, the knowledge of their radiation efficiency has little importance for the validation of the proposed models, thanks to their sufficient impedance matching. Previous tests on the conical antennas resulted in an efficiency higher than 0.7 over the 0.6-6 GHz range, while the ridged-horn antennas are expected to have an efficiency close to 0.9. The two sets of antennas were placed about 2 m away from each other, on styrofoam supports about 1 m high, having taken care to have their axis orthogonal, in order to minimize any potential direct coupling. The stirrer completed a full rotation in N s = 50 steps that were checked as generating transmission samples with lag-1 correlation coefficients consistent with the hypothesis of a correlation coefficient smaller than 0.1 [42] , [43] .
S-matrix parameters were measured from the two antenna ports with the help of a vector network analyzer, model E8363B from Keysight, to which a full two-port correction was applied. It was operated over with a frequency resolution of 100 kHz, corresponding to roughly 1/4 of the coherence bandwidth of the RC. This choice is fundamental to avoid time-aliasing when postprocessing the data in the time domain. The S-matrix data were used in order to estimate the average composite QF of the RC. A time-domain approach was used [44] , [45] , in order to avoid the uncertainties related to the correction of the residual antenna mismatch and their radiation efficiencies. This last quantity is in particular known to be affected by non-negligible uncertainties that would reduce the accuracy of the validation of the models introduced in the previous sections.
The time-domain approach estimates the QF from the average relaxation (or decay) time τ of the RC. This was done by first computing the power-delay profile of the RC over bandwidths of 10 MHz and computing the best fitting regression for a decaying exponential, covering an interval of about 2τ , in order to increase the accuracy of the operation; changing the bandwidth from 3 to 30 MHz had no major impact on the results. Notice that the regression was done over the logarithm of the power-delay profile, since it is expected to present random fluctuations wellapproximated by a Gaussian distribution [46] .
The QF thus obtained is discussed later in this section. As suggested in Section V, it was transformed into the average power transmission T (ν) = Q(ν)/Q o a (ν). Fig. 6 shows the result of this operation, confirming that the RC can be considered as overmoded for ν > 850 MHz, since T (ν) < 1/10 as discussed at the end of Section V. This result also implies that the radiation efficiency of the antennas has less than a 10% impact on the estimate of the apparent conductivity. Fig. 6 also reports the theoretical prediction of T (ν) computed using (5) for bulk homogeneous non-magnetic metal walls with a conductivity of 0.95 MS/m, a value chosen as it fits the highfrequency end of the experimental results. The fact that it overestimates experimental results for T (ν) in the low-frequency end suggests extra losses not explained by conductivity alone. As already discussed, a metal bulk conductivity is not expected to vary over the microwave region and surface roughness would rather present higher losses at the high-frequency end.
The apparent conductivity σ a (ν), estimated from (32) , is shown in Fig. 7 . The following two features are remarkable.
1) σ a (ν) presents a linear dependence to ν below 6 GHz, steeply decreasing at a lower frequency.
2) It reaches a plateau around 10 GHz. These results do not depend on the proposed layered model, since (31) and (32) are based on standard models that assume homogeneous metallic boundaries. The empirical observation of a reduction in the apparent conductivity explains the existence of extra losses at low frequencies.
The non-trivial behavior of the apparent conductivity can be explained by means of the layered model (19), which requires two parameters for the metallic coating of the plates, namely thickness w and conductivity σ c . These parameters were estimated by means of a least-square regression, assuming μ c 1 and a mild steel background (cf., Fig. 2 ), resulting in w = 6.8 μm and σ c = 0.95 MS/m. It is important to notice that an unambiguous choice of w and σ c was possible only because the results mentioned above 10 GHz deviate from a linear slope. See Section VII for further discussions about this point.
The same parameters applied to the approximate model (21), for a high contrast in the effective conductivities in the wall metals, is shown as a dashed line in Fig. 7 , where it is confirmed to be an effective approximation that does not rely on hard-to-get a priori information on the steel magnetic behavior.
More accurate estimates would require tests to be extended beyond 50 GHz, where σ a (ν) is expected to converge to that of a bulk coating, according to the theoretical results shown in Fig. 7 . The thickness found is consistent with typical values for Fig. 9 . Wall-dissipation contribution Q w (ν) to the QF, estimated from measured data by means of (34) . Refer to Fig. 8 for the meaning of curves (i)-(iii). electroplated steel plates for indoor applications. The coating conductivity appears to be lower than that of bulk pure zinc (about 16 MS/m), and closer to that of bulk steel alloys (about 1.6 MS/m), in line with the arguments exposed in Section II-D. Similar examples of lower-than-expected conductivity can be found in [24] , where a conductivity of 0.8 MS/m for surface machined cold rolled steel at 24 GHz was reported, for which around 3 MS/m were expected at dc. An example of zincplated steel with an apparent 4-MS/m conductivity measured at 8.42 GHz was presented in [47] , but no details were given about the zinc thickness and what galvanization technique was used; waves at this frequency would mostly interact with the zinc layer, with a skin depth of about 1.4 μm for pure zinc. Fig. 7 definitely rules out surface roughness as a single cause for a low apparent conductivity, since the range of values spanned by the conductivity is too wide (almost one order of magnitude) and most importantly because the apparent conductivity increases with the frequency, whereas surface roughness would have the opposite effect, as recalled in Section II-C. Section VII presents further examples taken from the literature presenting data measured in RCs that correspond to apparent conductivities even lower than 1 MS/m.
The results in Fig. 7 can alternatively be interpreted by assuming bulk homogeneous materials for the metallic boundaries, with a conductivity σ c . In this case, an apparent relative permeability would be attributed to the metallic surfaces, as shown on the right axis in Fig. 7 . These results cannot be explained assuming that waves mainly interact with the coating layer, for which μ c = 1 is expected. The effective permeability of mild steel could neither be used to explain this residual magnetic behavior, since it is much higher, as shown in Fig. 2 . These results help to understand the fundamental role played by the metallic coating as a partial shielding of the underlying ferromagnetic material and lend direct support to the layered model introduced in Section IV.
The QF estimated from measured data is shown in Fig. 8 , where it is compared to theoretical predictions from (5) (iii) σ m (ν) = 1 MS/m, μ m given in Fig. 1 (bulk mild steel) . The three curves for bulk models share the ν 1/2 dependence typically expected, which is supported by the experimental results only above 10 GHz for σ m = 0.95 MS/m; the results for configurations (i) and (iii) are almost one order of magnitude off the experimental results. At lower frequencies, Q(ν) moves to the ν 3 behavior expected for antenna-dominated losses. Discrepancies are visible below 6 GHz between curve (ii) and experimental results; curves (i) and (iii) are clearly unable to explain the results, confirming the inadequacy of bulk metal models. In particular, interactions limited to the coating layer, expected above 10 GHz, would be systematically overestimated assuming a pure zinc layer (cf., Sec. II-D). On the contrary, predictions from the proposed layered model closely agree over the entire frequency range.
The accuracy of the proposed model can be better appreciated in Fig. 9 , where the wall-dissipation contribution Q w (ν) to the composite QF is shown, estimated from (26) as Fig. 9 clearly proves the existence of two regimes for Q w (ν): below 6 GHz Q w (ν) ∼ ν, as predicted by (25) , while Q w (ν) ∼ ν 1/2 above 6 GHz, as expected for bulk non-magnetic metals. The proposed layered model accurately reproduces the transition between these two responses observed in the experimental results, based on the two effective parameters w and σ c .
VII. FURTHER RESULTS FROM THE LITERATURE
The accuracy of the proposed model was further tested by applying it to results available in the RC literature. Data measured at IETR, France, have been presented in several papers, but those in [37] were chosen as they were cross-checked by using a number of estimators, thus more reliable than singleconfiguration test campaigns. Even though they are limited to about 5 GHz, similar measurements were carried out anew up to 12 GHz as presented in [48] , for a similar configuration. The two datasets are shown in Fig. 10(a)-(c) and closely overlap over a large frequency range. Data below 450 MHz were excluded as they did not fulfill condition (33) , for which antenna radiation efficiencies are not needed when estimating the apparent conductivity σ a (ν).
As in the previous section, the proposed layered model was fitted to the data, resulting in w = 18.5 μm and σ c = 0.195 MS/m. The thickness is compatible with both electroplated or hot-dip galvanized steel plates (cf., Sec. II-D). Similar low values of conductivity were already tentatively used in [48] , using a bulk metal model; similar results of apparent conductivity were reported in [47] . Furthermore, it is noteworthy to recall how Arnaut et al. [48] expressed what appears to be surprise at the very slow convergence of Q(ν) to the ν 1/2 dependence expected from bulk models, since a linear frequency dependence fitted more accurately to describe their results. Also these results feature a transition between two regimes in Q w (ν), with the transition oc-curring around 5 GHz in Fig. 10(b) . The apparent conductivity decreases at lower frequencies to values as low as 0.02 MS/m, explaining the extra losses observed in Fig. 10(a) below 3 GHz.
A second case from the literature is taken from [44] , with data measured in NIST's RC. A number of papers report data measured in this historical chamber, but those in [44] stand out as they were obtained using a time-domain approach for the estimate of Q(ν), thus avoiding the issue of correcting for nonideal antennas [44] , [45] . This dataset spans a limited frequency range, approximatively going from 1 to 7 GHz.
The results obtained with this dataset are shown in Fig. 10(d)-(f) . In this case, the apparent conductivity does not converge to the fixed value representing the effective coating conductivity. It is therefore not possible to find a unique set of optimal w and σ c fitting the data. Instead, an optimal product wσ c = 3.3 S was found. The theoretical results in Fig. 10(d) -(f) were obtained choosing w = 6 μm and σ c = 0.55 MS/m. Independently from this choice, the linear regime for Q w (ν) is experimentally confirmed also in this case.
VIII. DISCUSSIONS AND CONCLUSION
The introduction of an estimator of the apparent conductivity of an RC metallic boundaries has provided unambiguous evidence that bulk descriptions are inaccurate for the case of steel plates. The inherent dispersion of the apparent conductivity explains why the ν 1/2 dependence of the composite QF may not appear as accurate below about 10 GHz.
The brief review of steel-plate properties in Section II-B was intended to help understand the high variability of parameters related to ferrous materials. Arguably, the acknowledgment of the complex nature of their magnetic permeability, jointly with the introduction of the coating-layer model, is the most important result in this paper, since it provides a reasonable explanation for the extra losses observed below a few GHz and the slow convergence of the composite QF to a ν 1/2 dependence. A question left open by this paper is the surprisingly low values found for the coating conductivity, well below that of steel. It seems appropriate to recall that this is in fact an apparent conductivity. The assumption of a non-magnetic coating is not necessarily accurate, e.g., in the case of inter-layer diffusion of iron, as discussed in Section II-D. As such, even weak magnetic responses from the coating would result in a lower apparent conductivity. This conjecture would need further tests in order to confirm its accuracy and is left for future work.
The coating-layer model has direct application in RC designs, e.g., in order to estimate the minimum coating thickness w min needed in order to avoid extra losses from ferrous materials. An example is presented in Fig. 11 , where results were computed by forcing a loss of 1 or 3 dB in the power gain T (ν) in (29) between the case of a bulk metal with conductivity σ c and a steel plate with a coating of the same material, but of finite thickness w min ; a total metallic surface S o = 100 m 2 was considered, together with the presence of two well-matched antennas. The minimum thickness peaks about 1 GHz, and rapidly decreases at lower frequencies where antenna-related losses take effect, as well at higher frequencies where dissipation within the coating layer reduces interactions with the background steel. The results Fig. 11 . Minimum coating thickness w m in required such that extra losses for steel plates be limited to 1 or 3 dB, with respect to bulk metallic surfaces of conductivity σ c (for the metallic coating). Results for three values of σ c are shown in the graph, computed for an RC of internal surface S o = 100 m 2 ; cf., (35) to apply these results to other configurations. presented in Fig. 11 are independent of the RC volume and can be extended to other configurations for a surface S and frequency ν by looking up for
These results show that there is no need to use expensive solutions based on non-ferromagnetic bulk metal plates made of, e.g., aluminum, brass, or copper. Instead, these metals could be used as thin coatings that would be effective in avoiding extra losses with just a thickness of a few microns. Steel plates would then only contribute to mechanical stiffness, while waves would mostly interact with thin non-ferromagnetic coatings.
Notice that the minimum thickness estimated in Fig. 11 is not overly conservative, since it is not necessarily larger than the penetration depth. In our investigations zinc coatings, potentially subject to iron diffusion, appear to lead to apparent conductivities below 1 MS/m, even above 10 GHz, where interactions with background steel can be expected to be negligible, thus leaving room for improvement by using better conducting metals less prone to iron diffusion.
